The relation between shift work and a large variety of cardiometabolic risk factors is unclear. Also, the role of chronotype is understudied. We examined relations between shift work and cardiometabolic risk factors, and explored these relations in different chronotypes. Methods: Cardiometabolic risk factors (anthropometry, blood pressure, lipids, diabetes, -glutamyltransferase, C-reactive protein, uric acid and estimated glomerular filtration rate) were assessed among 1334 adults in 1987-91, with repeated measurements every 5 years. Using shift work history data collected in 2013-15, we identified shift work status 1 year prior to all six waves. Linear mixed models and logistic generalized estimating equations were used to estimate the longitudinal relations between shift work and risk factors 1 year later. Results: Shift work was not significantly related with cardiometabolic risk factors (P ! 0.05), except for overweight/body mass index. Shift workers had more often overweight (OR: 1.44, 95% CI 1.06-1.95) and a higher body mass index (BMI) (: 0.56 kg m À2 , 95% CI 0.10-1.03) than day workers. A significant difference in BMI between day and shift workers was observed among evening chronotypes (: 0.97 kg m À2 , 95% CI 0.21-1.73), but not among morning chronotypes (: 0.04 kg m À2 , 95% CI À0.85 to 0.93). No differences by frequency of night shifts and duration of shift work were observed. Conclusion: Shift workers did not have an increased risk of cardiometabolic risk factors compared with day workers, but, in particular shift working evening chronotypes, had an increased risk of overweight. More research is needed to verify our results, and establish whether tailored interventions by chronotype are wanted.
Introduction

S
hift work is nowadays an inherent part of our 24/7 society, with $20% of the work force in Europe and the USA working in shifts outside regular daytime working hours. 1, 2 The chronic disruption of the internal body clock that regulates the daily cycles of biological processes (i.e. circadian rhythms) due to shift work has been associated with negative health outcomes, such as breast cancer and cardiovascular diseases. [3] [4] [5] [6] Cardiometabolic disorders, such as obesity and type 2 diabetes, develop long before the onset of cardiovascular disease, and may mediate the relation between shift work and cardiovascular diseases. [7] [8] [9] A recent review showed that shift work was associated with an increased risk of overweight and impaired glucose tolerance. 7 A few studies indicated shift work to be associated with other cardiometabolic risk factors, such as triglycerides, 9 hypertension, 9 uric acid 9 and inflammatory markers, 8 but according to the review of Proper et al. strong evidence is still lacking. 7 This is mainly due to the low number of studies, limited methodological quality of previous studies, including cross-sectional designs. 7 It has been suggested that the relation between shift work and cardiometabolic function is influenced by chronotype, i.e. internal circadian rhythm that influences the cycle of sleep and activity. 10 Several studies showed that chronotype is associated with cardiometabolic risk factors. [11] [12] [13] [14] For example, evening chronotypes have been shown to have a higher risk of type 2 diabetes and metabolic syndrome than morning chronotypes. 12, 14 Moreover, in one study, night shifts increased the risk of type 2 diabetes in morning chronotypes, but decreased the risk in evening chronotypes. 10 The reason may be that the biological rhythm is more disturbed by night shifts in morning chronotypes than in evening chronotypes. In contrast, morning shifts may disturb the biological rhythm less strongly in morning chronotypes.
In view of the gaps in the scientific literature on shift work, chronotype and cardiometabolic risk factors, we investigated relations between shift work and various cardiometabolic risk factors, and explored these potential relations in different chronotypes. We hypothesize that shift workers, in particular morning chronotypes, have an increased risk of cardiometabolic risk factors compared with day workers.
Methods
Study population
The Doetinchem Cohort Study is an ongoing population-based longitudinal study of men and women who were at the start of the study . Data collection of the sixth wave is still ongoing, but data of the first three measurement years (2013-15, N = 2041) were available for the present study. Response rates were 75% or higher in waves 2-6. 15 We included subjects who participated in Wave 6 since the sixth wave included questions about lifelong shift work history, which enabled us to retrospectively determine shift work status at previous waves. We excluded participants who did not have paid work or had missing data on shift work status, employment status and covariates at any wave. Informed consent was obtained from all individual participants.
Shift work
Shift work status at each wave was assessed retrospectively in 2013-15 using a questionnaire based on the most important aspects of shift work. 16 Participants were asked to indicate whether they ever worked evening shifts (i.e. shifts ending before midnight), night shifts (i.e. shifts that continued or started after midnight), sleep shifts and rotating shifts. All subjects were also asked to the year they started and stopped shift work, and the number of years and months they worked in shifts. Using this shift work history data, we classified participants as shift workers 1 year prior to each wave if they worked in evening, night or rotating shifts (with or without night shifts); participants who previously worked in irregular shift were considered former shift workers; others were considered day workers. The frequency of night shifts was categorized into no night shifts, 1-4 and !5 night shifts/month.
Chronotype
In 2013-15, chronotype was assessed by a single question: 'How would you describe yourself?' Based on six response categories, participants were categorized as 'morning type' ('definitely a morning type' OR 'rather more a morning than an evening type'), 'evening type' ('definitely an evening type' OR 'rather more an evening than a morning type') and 'intermediate type' (neither). For participants who answered 'do not know' (n = 55), chronotype value was set as missing. This self-awareness of chronotype has been shown to be in excellent agreement with the quantitatively assessed chronotype based on sleep times. 17 
Measurements of cardiometabolic risk factors
Weight, height, total and HDL cholesterol, diastolic and systolic blood pressure were objectively measured at all six waves. Waist circumference and random non-fasting glucose were measured at waves 2-6. In combination with self-reported diabetes, a conservative and common cut-off point of random glucose (i.e. 11.1 mmol l À1 ) was used to determine presence of diabetes (table 1) . Details of all measurements have been described previously and in table 1. 15 In 2013-14, standardised enzymatic methods were used to retrospectively determine triglycerides, -glutamyltransferase (GGT), high sensitivity CRP, uric acid, cystatin C and creatinine of waves 2-5 using blood plasma that had been stored in freezers. Estimated glomerular filtration rate (eGFR) was estimated with the Chronic Disease Epidemiology Collaboration (CKD-EPI) equation. 18 
Covariates
Data on educational attainment, lifestyle and use of anti-hypertensive medication and cholesterol-lowering medication were obtained by questionnaire as described in detail elsewhere. 15 Educational attainment was categorized as low (intermediate secondary education or less), intermediate (intermediate vocational or higher secondary education), and high (higher vocational education or university). Smoking was categorized as current smoker and nonsmoker, and alcohol as low ( 1 glass day À1 ) and high (>1 glass day À1 ) alcohol consumption. At baseline, leisure-time physical activity was measured by asking whether adults were at least physically active during 4 h per week. In the second to sixth wave, several items on self-reported time spent in moderate-to-vigorous intensity leisure-time physical activities were combined and the conventional cut-off point at 3.5 h per week was used. 19 Occupational physical activity was categorized as low (sedentary occupation), moderate (standing and light manual work), and high (heavy manual work). 
Statistical analysis
For the continuous cardiometabolic risk factors, linear mixed models were used to examine its relations with shift work, while for dichotomous unfavourable levels of cardiometabolic risk factors, logistic generalized estimation equations with exchangeable correlation matrix were used. For both methods, we used longitudinal time lagged models in which shift work status was determined one year prior to the outcomes. A time lag of one year was chosen because shift work has previously been associated with change in BMI and LDL/HDL-ratio over a 1-year period. 20 As all outcome measures at the different time-points are analyzed together, the overall results represent the combination of within-subject and between-subject relationships. 21 All analyses were adjusted for age, gender, educational level and chronotype. In analyses with diastolic and systolic blood pressure as dependent variable, additional adjustment for anti-hypertensive medication was made; similarly with total cholesterol, HDL cholesterol and triglycerides as dependent variable, adjustment for cholesterol-lowering medication was made. To investigate whether the potential relations of shift work with cardiometabolic risk factors were independent from potential intermediate lifestyle factors, analyses were additionally adjusted for smoking status, alcohol consumption, occupational and leisure-time physical activity.
We performed subgroup analyses separately for morning, intermediate and evening chronotypes. In the total population, three groups of shift workers (no night shifts, 1-4 night shifts/month and !5 night shifts/month) were compared with day workers to study exposure-response relations regarding frequency of night shifts with cardiometabolic risk factors. We also performed sensitivity analyses in which we stratified the analyses by duration of shift work, i.e. we compared shift workers who worked for <10 and !10 years in irregular shifts to day workers. [22] [23] [24] All analyses were performed using SAS 9.3 software and a two-sided P values of <0.05 was considered statistically significant.
Results
Out of the 2041 subjects who participated in wave 6, we excluded 353 individuals who were not employed at all waves, 310 with insufficient shift work data and 44 participants with missing data on cardiometabolic risk factors and covariates at all waves. This led to a study population of 808 day workers, 128 former shift workers and 125 shift workers at wave 1. The remainder of the study population (n = 273) was unemployed or employment status was unknown at wave 1, but was employed at any of the other waves. The number of participants in wave 1, 2, 3, 4, 5 and 6 were 1061, 713, 937, 868, 741 and 375, respectively. The number of shift workers in wave 2, 3, 4, 5 and 6 were 70, 104, 84, 81 and 37, respectively. Compared with excluded participants, the included participants were at baseline slightly younger (37.7 vs. 38.3 years), less often men (54 vs. 59%), more often high educated (24 vs. 19%) and had slightly lower levels of cardiometabolic risk factors (e.g. BMI 24.0 kg m À2 vs. 24.5 kg m
À2
and systolic blood pressure 120 mmHg vs. 122 mmHg) (data not shown). At Wave 1, the mean age was 37.7 years (SD: 8.9), 54% were men and 24% were highly educated. Among shift workers, 85% worked at least once a month during the night and 49% worked in shifts for 10 years or more (table 2) . 
Shift work and cardiometabolic risk factors
cardiometabolic risk factors compared with day workers. Results did not change after additional adjustment for lifestyle factors (data not shown).
Subgroup analysis by chronotype
Frequency of night shifts and duration of shift work
No exposure-response relationships between shift work and cardiometabolic risk factors were observed by frequency of night shifts (Supplementary table S1). Results were also similar for shift workers who worked for <10 years and those who work for !10 years in irregular shifts (Supplementary table S2 ). With the exception of overweight, those who worked <10 years in irregular shifts had no increased risk of being overweight compared with day workers (OR: 1.19, 95% CI 0.80-1.78), while those who worked for !10 years in irregular shifts had an OR for being overweight of 1.56 (95% CI 1.08-2.24).
Discussion
Shift work was not related with an increased risk of cardiometabolic risk factors, except for overweight/BMI. Shift workers had a 44% higher risk of being overweight and had a 0.58 kg m À2 higher BMI than day workers. The increased risk for overweight was particularly present among shift working evening chronotypes.
Our research findings do not confirm our hypothesis that shift work is related with cardiometabolic risk factors other than overweight. The few existing previous studies also showed inconsistent findings, with some finding relations between shift work and cardiometabolic risk factors while others could not confirm such findings. [7] [8] [9] 25 The absence of relations between shift work and cardiometabolic risk factors may partly be due to limitation in the design of our study. A large part of the study population dropped out due to the long follow-up period of up to 26 years or were excluded due to missing data. These excluded individuals were lower educated and more often men than the included individuals, but levels of cardiometabolic risk factors at the first examination wave were only slightly more unfavourable. Since shift work is more common in adults of lower socio-economic status and in men, exclusion may have mitigated the relations between shift work and cardiometabolic risk factors. In addition, we lack details about the shifts schedule, such as direction and speed of rotation. It is therefore possible that particular types of shifts are related with metabolic risk factors in our population. However, we did not find dose-response relations between duration of shift work and frequency of night shifts and cardiometabolic risk factors, which are considered to be the most important characteristics of shift work related to adverse health outcomes. 16 Thus, it might also be that shift work does not increase the risk of the investigated cardiometabolic risk factors as shown in some other studies. [7] [8] [9] This means that other determinants mediate the relation between shift work and CVD, such as lifestyle behaviours, psychosocial determinants and other physiological determinants including disturbed autonomic regulation of the cardiovascular system. 4, 26 In line with other studies, we observed that shift work was related with overweight and BMI. 7 We extended those findings and showed that this may be particularly the case for evening chronotypes, and that frequency of night shifts may not influence the risk of overweight. One reason may be differences in average behaviour and timing of food intake and physical activity between day and shift workers. In our study, however, physical activity and dietary patterns did not seem to play a role as adjustment for smoking, alcohol, and physical activity did not attenuate the relations. We did not adjust the primary analyses for diet because this was only measured at Waves 2-4. In sensitivity analyses based on Waves 2-4, analysis was adjusted for energy intake and the Mediterranean diet score. This did not attenuate any of the relations (data not shown). Another potential reason is the disruption of circadian rhythms, which interacts with hormones, such as insulin, leptin, cortisol, growth hormone, and melatonin, and thereby increases the risk of overweight. [27] [28] [29] Finally, other plausible explanations are more exposure to light at night, less exposure to day light and possibly sleep deprivation related to shift work. 27, 30, 31 Reasons for the particular increased risk among evening chronotypes are unclear. As described before, there is a scarcity on research to the role of chronotype in the shift work related health effects. Of the limited research, contrasting results have been observed with a higher risk of shift work for type 2 diabetes among morning and not among evening chronotypes. 10 Future research is needed to understand mechanisms for the increased risk of overweight among shift workers by chronotype.
Previous studies showed contrasting findings regarding the relation between shift work and blood glucose, HbA1c and type 2 diabetes, with studies finding a positive association 22,32-34 and other studies not. 24, 35 We did not find a significant relationship between shift work and type 2 diabetes, but the OR pointed, in particular among morning chronotypes (OR: 5.50, 95% CI 0.86-35.11), to an increased risk of type 2 diabetes. The non-significance of this OR is likely due to limited statistical power of the analyses within each chronotype. A recent study observed that among female morning chronotypes, the risk of type 2 diabetes increased with more years exposure to rotating night shifts, while the opposite was true for female evening chronotypes. 10 The possible moderation of chronotype may be because the shift schedule, especially night shifts, interferes more strongly with the circadian rhythm among morning chronotypes than evening chronotypes. This may lead to unfavourable biological processes, such as secretion of hormones and sleep problems, which increases the risk of type 2 diabetes. 28, 29, 36, 37 However, more research with a larger sample is needed on the moderating effect of chronotype in the relation between shift work and type 2 diabetes before strong conclusions can be drawn.
A strength of this study includes the wide variety of objectively measured cardiometabolic risk factors. We were also able to investigate exposure-response relationships with frequency of night shifts and differences across chronotypes. Besides the earlier mentioned limitations, our results are vulnerable for finding false statistically significant relations by chance because we related shift work to 11 cardiometabolic risk factors. We only found shift work to statistically significantly increase the risk of overweight/BMI. Although this GGT, -glutamyltransferase; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate, OR, odds ratio; CI, confidence interval; , regression coefficient. Boldface indicates statistical significance (P < 0.05). a: Analyses were adjusted for age, gender, and educational level. b: Systolic and diastolic blood pressure were additionally adjusted for anti-hypertensive medication, total cholesterol, HDL cholesterol and triglycerides for cholesterol-lowering medication. a: Analyses were adjusted for age, gender, educational level, and chronotype. b: Systolic and diastolic blood pressure were additionally adjusted for anti-hypertensive medication, total cholesterol, HDL cholesterol and triglycerides for cholesterol-lowering medication. eGFR, estimated glomerular filtration rate, OR, odds ratio; CI, confidence interval; , regression coefficient. Boldface indicates statistical significance (P < 0.05).
could be a spurious finding, it is in line with previous studies and can be explained by several mechanisms, such as an unhealthy lifestyle and hormonal changes. 7, [27] [28] [29] [30] [31] Therefore, this relation is unlikely to be a false positive finding. In addition, it is often argued to use change scores to analyze prospective relations. However, the error of change scores are large, 38, 39 and may even be larger than the between-subject difference. We therefore used a model in which we compared levels of cardiometabolic risk factors at several time points, and its association with shift work status (within an individual) one year before. Furthermore, shift work status was assessed retrospectively, which makes our results susceptive to information bias. However, we believe the participants were able to reliably recall their shift work exposure as being a shift worker has a significant impact on someone's life and is relatively easy to remember. Finally, although our single question on chronotype is in excellent agreement with the validated and more quantitatively assessed chronotype of the MCTQ, 17 we may have misclassified some participants. If so, this would have probably led to a small underestimation of differences in associations between shift work and cardiometabolic risk factors by chronotype.
In conclusion, shift workers had a 44% higher risk of being overweight and a 0.56 kg m À2 higher BMI than day workers, but the risk of other cardiometabolic risk factors did not differ between groups. Shift working evening chronotypes had a particular higher BMI compared with day working evening chronotypes. The increased risk of type 2 diabetes of shift work among morning chronotypes in the study of Vetter et al. 10 could not be replicated in our study, although the OR pointed in the same unfavourable direction. Thus, more research is needed on the moderating effects of chronotype to establish whether tailored preventive measures by chronotype are useful for shift workers.
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